Wind is the fastest growing renewable energy source for generating electricity, but economic research lags behind. In this study, therefore, we examine the economics of integrating large-scale wind energy into an existing electrical grid. Using a simple grid management model to investigate the impact of various levels of wind penetration on grid management costs, we show that costs of reducing CO 2 emissions by relying more on wind power depend on the generation mix of the existing electricity grid and the degree of wind penetration, with costs ranging from $21 to well over $1000 per tonne of CO 2 reduced. Costs are lowest if wind displaces large amounts of fossil fuel production and there is some hydroelectric power to act as a buffer. Hydro capacity has the ability to store wind generated power for use at more opportune times. If wind does nothing more than replace hydro or nuclear power then the environmental benefits (reduced CO 2 emissions) of investing in wind power are small.
INTRODUCTION
Because of their ubiquity, fossil fuels have become the backbone of industrial economies, while the electricity supply infrastructure is their spinal cord. Burning of fossil fuels emits gases contributing to global climate change and local pollution, while dependence on oil and gas raises issues concerning supply security. For these reasons, countries seek renewable sources of energy, including in particular wind, solar and tidal forms that suffer from intermittency in supply that cannot easily be overcome through storage. Yet, wind is now the fastest growing renewable energy source for generating electricity (van Kooten and Timilsina 2009) .
In this study, we focus on wind energy to examine the economics of integrating large-scale wind energy into an existing electrical grid, emphasizing in particular the costs associated with intermittency. Two approaches to estimating the indirect costs of wind variability can be identified. First, some researchers have focused on the costs of additional system reserves required to cover the increased variability of wind (Gross et al. 2003 (Gross et al. , 2006 Kennedy 2005) . When wind generating capacity is installed on a large scale, greater system balancing reserves are required than would be the case if an equivalent amount of thermal or hydro capacity were installed, even after adjusting for the lower capacity factors associated with wind. If wind farms are placed over a large geographic area, then, for the same installed wind power capacity, the output would be smoother than if it were to come from a wind farm at a single site. Therefore, to overcome variability, it is necessary to locate wind farms across as large a geographic areas as possible and integrate their combined output into a large grid. Doing so will reduce the costs of wind power generation.
The second approach focuses on the implications that wind has on the management of an electricity grid and the costs of retaining system balance (Lund 2005) .
Because wind power is non-dispatchable, extant generators must be ready to dispatch power to the grid in the event of a decline in wind availability. Fluctuations in wind result in increased ramping-up and ramping-down of base-load generators, failure of slowramping facilities to follow variations in load, and more frequent starts and stops in the case of peak-load (open-cycle) gas plants, thereby leading to increased operating and maintenance (O&M) costs. While this problem could be mitigated by storage, no viable large-scale storage systems are currently available. Because of the storage problem, wind power is used most effectively in electricity grids that have large hydropower capacity. In that case, water can be stored in reservoirs by withholding hydro-electricity from the grid, but releasing water and generating electricity when there is no wind power.
The second approach is employed in this study. It is based on the notion that a suitable constrained optimization model of an electricity grid that assumes rational expectations (load and wind power availability are known beforehand) should project costs that are equal or lower to those based on rule-of-thumb requirements regarding additional reserves (Gross et al. 2006 (Gross et al. , 2007 . The only difference is that a grid optimization model takes explicit account of the need to balance output from existing generators on the grid (see Maddaloni et al. 2008) . 1 We begin in the next section by examining the issue of integrating wind power 1 The first approach for calculating reserves relies on known information about wind variability as much as the second approach.
into electricity grids in more detail, and developing a model for estimating the potential costs of integrating varying amounts of wind into grids with differing generation mixes.
The results are provided in section 3. We find that a grid dominated by fossil fuel generating capacity but with adequate hydroelectric facilities that can store wind generated power at crucial times is optimally suited for investment in wind farms.
Somewhat surprisingly, however, the costs of reducing CO 2 emissions are higher than socially desirable in all the cases we examine. Some concluding observations follow in section 4.
INTEGRATING WIND POWER INTO ELECTRICITY GRIDS
Consider how conventional generation capacity can be replaced by wind capacity while maintaining system reliability for a large, relatively isolated system (Love et al. 2003; Pitt et al. 2005) . To do so, we employ hourly load data from the ERCOT (Texas) system for 2007 (2008) , and wind data from sites located in western Canada. The ERCOT load data are standardized to a peak load of 2,500 MW (the ERCOT peak load/demand is 62,101 MW). Actual wind power output data are available on an hourly basis for sites in Alberta, while hourly wind speed data from BC Hydro (2004) are available for sites in north-eastern British Columbia. The two regions for wind data are chosen because they are both located immediately east of the Rocky Mountains where wind potential is very high, and are some 800-1000 km apart so that winds should not be highly correlated.
Wind speed measurements occurred at heights of 30 m and 50 m for the BC sites and can be converted to wind power. Wind power depends not only on wind speed but also on the height of the turbine hub, so measured wind velocity is adjusted using the following well-known relationship:
where V hub is the wind velocity (m/s) at the turbine hub height, V data is the wind velocity (m/s) at the height it was measured, H hub is the height of the wind turbine hub (m), H data is the height (m) at which the data was measured, and α is the site shear component that is dependent on the type of ground surface on which the wind turbine is built. We derive wind power output using power curves for wind turbine products from ENERCON Since we are interested in a situation where some wind power is always available, we added a fifth wind source based on a wind measurement site on Pulteney Point on the north end of Vancouver Island, British Columbia (see Prescott et al. 2007 ). This site is some 850-900 km from the nearest site east of the Rockies. We calculated the wind power output for this wind site assuming an Enercon E-70 turbine, and combined the resulting power output with that calculated for the four sites in north-eastern BC. Again we standardized the output to the single 2.3 MW capacity turbine by dividing the 2 Counting from the first hour in January, the hours with zero wind power output are 1691, 1692, 2299, 2336, 2338, 3176, 3823-3826, 4835, 6445-6450, and This illustrates a major problem: Given the diversity of locations and rather large distances between sites in western Canada, it is unlikely that any system that relies on wind power is going to be able to avoid times of zero wind power output. In our case, we rectify the situation by adding to our data the average wind power of the five BC sites, shifted forward by 24 hours. In this case, the minimum wind power output for any given hour is 0.005 MW while the maximum is 1.779 MW compared to 1.971 MW before adjustments.
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Load Duration and System Reserves
A load duration curve is determined by sorting the system load (demand) in each hour from highest to lowest. The minimum or base load is generally met by a base-load power plant such as a coal or nuclear thermal generating facility. In our example, plotted in Figure 1 , the base load is 878 MW compared to a peak load of 2500 MW. Load following facilities may consist of base-load plants, although combined-cycle gas turbine (CCGT) plants and hydroelectric are more optimal load-following facilities. These would cover load somewhere between the base load of 878 MW and about 1400 MW -that is, about 550-650 MW of load-following capacity is required. The remaining capacity needs to respond much more quickly as it must meet peak power demands that occur at certain This is similar to a problem discussed by Oswald et al. (2008) : Weather systems affect very large geographical regions. It is possible for winds to be weak everywhere at the same time, even if monitoring sites are located a thousand or more km apart and separated by one or more mountain ranges. times of the day and certain times of year. Open-cycle gas plants and hydropower stations are ideal peak load facilities.
A net load is constructed by subtracting wind output from demand. In Figure 1 , we created net load duration curves for wind penetration rates of 10% and 30%, where wind penetration is defined as the ratio of installed wind capacity to peak load. The net load has to be met by conventional generators. Notice that the base load falls from 878 MW to 751 MW, or by 14.5%, for a wind penetration rate of 10%, but to 389 MW, or by 55.7%, for wind penetration of 30% (41.2% fall compared to the 10% penetration base load). As the extent of wind penetration rises, the costs of operating the system increase for at least two reasons. First, the net load duration curve is drawn as if wind power output is known with certainty, but wind output is highly variable, much more so than the variability in supply from traditional generation sources (due to planned and unplanned outages). Greater system reserves are required with wind than without wind. Second, as wind penetrates the system, less of the system load can be met by base-load power plants.
There is too much base-load capacity and insufficient peak-load capacity. This will increase the average system-wide power generation costs. The introduction of wind power into an electricity grid increases the variability of the load to be met by traditional generating sources, making it harder for extant generators to follow the load by ramping up and down. This is shown in Figure 2 where the ERCOT load with no wind is plotted (dark line) for the first two days in January. Also plotted in the figure are the hourly loads that need to be met when wind power enters the grid under 10% and 30% levels of penetration. Even though Figure 2 only covers 48 hours, it is clear that the demand after non-dispatchable wind power has been subtracted has greater variability than the non-wind load, although the adjusted series still track the morning (6 am through noon) and evening (6 pm to 11 pm) peaks quite well. Clearly, and as evident in the figure, a 10% penetration level does not affect net load to the same extent as 30% penetration, although, if a longer profile were chosen, the volatility would be even sharper for both penetration levels. The effect that the variability in net load has on system costs and CO 2 emissions is considered using a simple grid management model (Prescott et al. 2007; Prescott and van Kooten 2009 
Figure 2: Load to be met by Traditional Generators for First Two Days (48 hours) in January
The costs and benefits of introducing wind power into an electricity grid depend greatly on the characteristics of the electrical operating system, including the pattern of demand and importantly the extant generating mix (including tie-ins to other grids). To illustrate this, we construct an isolated grid model that employs the load and wind data used in Figures 1 and 2 . We consider three alternative generating mixes -one that has a large degree of reliance on hydropower (HH), a more typical mix (TT) and a mix that relies mainly on fossil fuels (FF), as indicated in Table 2 . These mixes roughly correspond to the generation mixes of Canada, the United States and Alberta. Fuel costs, variable operating and maintenance (O&M) costs and fixed investment costs by generating type are provided in Table 3 . Also included in Table 3 are CO 2 emissions per MWh by generating type, although such estimates vary greatly according to the source of fuel, age and type of the technology employed, capacity at which power plants operate, and whether they are based on a life-cycle analysis of power plant operations. 
Grid Management Model
The grid management model can be represented mathematically as a constrained optimization (mathematical programming) problem as follows:
where TC is total cost ($); i refers to a conventional generation source (viz., natural gas, coal, nuclear, oil, hydro); r refers to a renewable source of energy (viz., wind, solar); d is the number of days (365 in our model); t is the number of hours; Q t,i is amount of electricity produced by generator i in hour t (MW); OM i is operating and maintenance cost of generator i ($/MWh); b i is the variable cost of producing electricity using generator i ($/MWh), which is assumed constant for all levels of output; F r refers to the annualized fixed cost of introducing renewable generation capacity ($/MW); and C r is the capacity of new renewable generation type r.
5
In addition, we define D t to be the demand or load that has to be met in hour t (MW); C i is the capacity of generating source i (MW);
and T i is the amount of time it takes to ramp up production from plant i. The above objective function is optimized subject to the following constraints:
Demand is met in every period (hour):
Ramping-down constraint:
Capacity constraints:
Non-negativity:
The model is linear and assumes rational expectations (there is no uncertainty even regarding wind availability), so there is also no need for a safety allowance. These assumptions are for simplicity only (although wind power output can be forecast with a 5 A carbon tax can be included by adding the following term to objective (2):
, where τ is a carbon tax ($ per tCO 2 ) and φ k is the amount of CO 2 required to produce a MWh of electricity from generation source k (traditional or renewable).
relatively high degree of certainty) and do not in any way jeopardize the main points that we wish to make. Indeed, our conclusions would be all the more poignant if nonlinearities and uncertainty were added (see Maddaloni et al. 2008) . We do however add two further constraints: thermal nuclear and coal-fired power plants must be kept running at 50% or more of their capacity to avoid shutting down base plants.
The cost functions represent the ranking of the marginal costs of the five power plants (open-cycle or peak gas > CCGT gas > coal > nuclear > hydroelectric). The ramping constraints are meant to represent a ranking of how fast a power plant adjusts its production. From the fastest to the slowest, the ranking used in this model is hydroelectric = peak gas > CCGT gas > coal > nuclear. The model is solved for 8760 hours representing a full year. Three scenarios are designed based on different wind energy penetration levels: a base case, a low (10% penetration) wind scenario, and a high (30% penetration) wind scenario. The base case assumes that wind energy is not currently used in the energy system with demand satisfied by the existing generating assets, depending on the generation mix that is modeled (HH, TT or FF).
MODELING RESULTS
The purpose of the simulation is to indicate potential problems with attempts to integrate wind power into existing networks, and the ease to which this can be done is The main electricity output and CO 2 emission results are provided in Table 4 .
Despite assuming perfect foresight regarding wind availability, generators cannot adapt quickly enough to prevent a rise in unnecessary generation. This is not true in the HH mix as hydroelectric output is able to adjust instantaneously to changes in wind, as indicated in Figure 3(a) . Nonetheless, the additional electricity produced in the TT and FF mixes is quite small (at most 1.1% above the no-wind scenario for the TT mix). Not surprisingly, the reduction in CO 2 emissions is also relatively small, and largest for the fossil fuel mix. For 30% wind penetration, the largest reduction in emissions amounts to only 14.5% of no-wind emissions, while emissions are reduced by only 1.3% and 8.1%
for the respective HH and TT mixes. Clearly, the degree to which wind power is able to reduce an economy's CO 2 emissions depends on the amount of hydroelectric and nuclear generating capacities there are in the generating mix. If wind displaces non-CO 2 emitting hydro and nuclear power, the fewer will be the emission reduction benefits. 
Figure 3: Effect of Wind Penetration on Output of Existing Generators, Various Generation Mixes
The construction cost of a wind power facility ($1300 per kWh) was annualized using a 10% discount rate and expected duration of 25 years. This constitutes the annual cost of adding wind power to a generating mix. The non-wind power generation costs and total costs are provided in Table 5 , as are costs on a per MWh basis and CO 2 emissions.
The costs of reducing CO 2 emissions are determined from this information and are provided in Table 6 . Notice that system generation costs increase the most for the HH mix and least for the FF mix. Likewise, the costs of reducing CO 2 emissions are highest for the HH mix and lowest for the FF mix, with the latter nearly competitive with other means of reducing CO 2 emissions. The main conclusion is that wind energy should only be considered if the desire is to reduce dependence on fossil fuels for reasons not related to climate change, such as energy security. This conclusion might change for an FF-type mix if prices of coal rise or if one were to construct an electricity grid from the ground up, choosing the optimal configuration of generating plants -an option that might face some isolated and/or developing regions. Finally, we consider the impact of intermittent wind on hour-to-hour operations of existing generators. In Figure 4 , we compare the impact on base-load nuclear and coal plants in going from no wind to 30% wind penetration. Despite their slow reaction times, nuclear and coal plants do exhibit increased variability in output as wind penetrates the grid (Figure 4 ). CCGT plants ( Figure 5 ) are also base load but are relied upon to a lesser extent because the model will shift any burden carried by a gas plant towards the coal and nuclear facilities since these need to operate above 50% of capacity. Further, the (constant) marginal cost of operating a gas plant is higher than that of a nuclear, coal or other facility (Table 3 ). The higher marginal cost explains why peak gas disappears entirely in all mixes when wind penetration reaches 30%, even though greater peaking capacity is generally needed as more intermittent wind enters the system (Prescott and van Kooten 2009 
CONCLUDING OBSERVATIONS
The story regarding the integration of wind energy into existing electricity grids is a mixed one. There are undeniable benefits to wind power under certain conditions and in certain circumstances. Conditions depend to a large degree on the location of suitable wind sites and the availability of wind. The best sites are those located on lands where wind turbines least interfere with other land uses, where noise and visual externalities are minimal, and where the effect on wildlife is small. Sites should be scattered over a sufficiently large area so that they are not affected by the same weather patterns. Further, wind sites need to be connected to a transmission grid and, if such a grid does not exist in close proximity, the costs of deploying wind power become exceedingly large. Finally, the degree to which wind can benefit a jurisdiction, particularly in terms of reducing CO 2 emissions, depends on the extant generating mix. Success is most guaranteed when wind power can displace large fossil fuel (primarily coal) generating capacity.
The presence of large-scale nuclear and hydro facilities militates against the use of wind to address climate change as wind power simply displaces hydroelectric and nuclear power, both of which have very low life-cycle greenhouse gas emissions. As our model indicates, the costs of reducing CO 2 emissions are unacceptably large in such cases. A generating mix that might best be suited to greater deployment of wind farms is one that relies principally on fossil fuels yet has enough hydroelectric capacity to enable wind-generated power to be stored in hydro reservoirs. This is an issue that has not been explored here as it requires more detailed information than is currently available.
What many analysts fail to consider in their enthusiasm for wind energy is the impact that wind has on existing base-load and peaking facilities. Results from our grid management model show that extant plants are negatively affected. This is likely the case because the extant mix of generation facilities into which wind power is introduced was nearly optimal to begin with, at least for the circumstances relevant to that jurisdiction.
Given that existing electricity grids cannot be changed overnight, it is probably prudent to introduce wind power into a grid at a pace that matches growth in demand and replacement of extant plants. Since electricity grids in many developing countries are not optimal, as seen by power shortages and frequent power outages, there may be greater benefits to the introduction of wind power in developing countries than developed ones.
An alternative policy is to make wind power dispatchable by requiring wind operators to reduce output (by 'feathering' wind turbines or simply stopping blades from rotating) whenever the grid operator is unable to absorb the extra electricity. In this case, output from base-load plants is effectively given precedence over wind generated power because such plants cannot be ramped up and down, the ramping costs are too great, and/or excess power cannot be stored or sold. This policy makes investments in wind farms less attractive, while environmentalists oppose any policies that curtail wind generation as this is considered 'wasteful' of a renewable resource.
